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Abstract
We discuss a two Higgs doublet model with extra U(1)X gauge symmetry where lepton specific
(type-X) structure for Yukawa interactions is realized by charge assignment of fields under the
U(1)X . Extra charged leptons are introduced to cancel gauge anomaly associated with extra gauge
symmetry. In addition, we introduce scalar fields as dark matter candidates to which we assign
Z2 odd parity for guaranteeing stability of them. We then analyze phenomenology of the model
such as scalar potential, muon anomalous magnetic dipole moment, collider physics associated with
Z ′ boson from U(1)X , and dark matter physics. Carrying out numerical analysis we search for
phenomenologically viable parameter region.
∗Electronic address: nomura@kias.re.kr
†Electronic address: psanyal@iitk.ac.in
1
ar
X
iv
:1
90
7.
02
71
8v
2 
 [h
ep
-p
h]
  1
4 J
ul 
20
19
I. INTRODUCTIONS
The standard model (SM) of particle physics has been very successful to explain exper-
imental results and its particle contents are confirmed completely by the discovery of the
Higgs boson at the Large Hadron Collider (LHC). Although the SM is quite successful, there
can be a new physics beyond the SM (BSM) accommodating with the experimental data
and it is motivated by several issues such as existence of dark matter(DM) and non-zero
mass of neutrinos which can not be explained within the SM. Furthermore the existence of
new physics would induce interesting phenomenology such as flavor physics and new particle
signatures at collider experiments.
One of the interesting extension of the SM is two Higgs doublet model (THDM) in which
a second Higgs doublet is introduced. In general, THDM has flavor changing interactions
through Yukawa interactions of both quarks and leptons, which are strongly constrained
by various experiments searching for flavor violating processes. In many approaches softly
broken Z2 symmetry is introduced to restrict Yukawa interactions to avoid flavor chang-
ing neutral current(FCNC) 1. One can also apply an extra U(1) gauge symmetry to control
Yukawa interactions associated with two Higgs doublets. In such a scenario rich phenomenol-
ogy would be induced from scalar bosons from Higgs sector as well as Z ′ boson from extra
U(1) symmetry. In fact many works have been carried out in a scheme of THDM with
extra U(1) symmetry motivated by several issues such as absence of FCNC [1], neutrino
mass [2–11], flavor physics [12–16], dark matter(DM) [17–21] and collider physics [22–24].
In this work, we construct a model based on an extra U(1)X gauge symmetry which
can realize lepton specific (type-X) THDM 2. The type-X THDM is one of the interesting
scenario in THDM in which one Higgs doublet only couples to quarks while the others only
couples to leptons [27]. Interestingly one can obtain sizable contribution to muon anomalous
magnetic moment (muon g− 2) from the structure of Yukawa coupling where the deviation
from the SM prediction is [28];
∆aµ = (26.1± 8)× 10−10, . (1)
It is the 3.3σ deviation with a positive value, and recent theoretical analysis further indicates
1 We can also apply some ansatz to avoid the constraints from FCNC [25]
2 Such a extra U(1) would appear from a string theory [26]
2
Fields QL uR dR LL eR H1 H2 EL ER NR φ χ χ
′
SU(3)C 3 3 3 1 1 1 1 1 1 1 1 1 1
SU(2)L 2 1 1 2 1 2 2 1 1 1 1 1 1
U(1)Y
1
6
2
3 −13 −12 −1 12 12 −1 −1 0 0 0 0
U(1)X 0 1 −1 0 0 0 1 0 −1 1 −1 1 0
Z2 + + + + + + + − − + + − −
TABLE I: Charge assignments of field contents under SU(3)C × SU(2)L × U(1)Y × U(1)X × Z2.
3.7σ deviation [29]. Moreover, several upcoming experiments such as Fermilab E989 [30]
and J-PARC E34 [31] will provide the result with more precision in future. To explain the
discrepancy a lot of studies have been carried out within type-X [32–40], muon specific [41]
and general (type-III) THDM [42, 43]. We then investigate muon g− 2 in our model taking
into account constraints from the SM Higgs measurements. In addition, we introduce a scalar
dark matter (DM) candidate in our model which is stabilized by discrete Z2 symmetry and its
interaction with muon can also contribute to muon g−2. The relic density of DM is estimated
to search for parameters accommodating with the observed value imposing constraint from
direct detection experiments. We also discuss possibility of indirect detection experiments.
This paper is organized as follows. In Sec. II, we introduce our model and formulate
mass spectrum and interactions. In Sec. III, we discuss phenomenology of the model such
as constraints from scalar potential, muon g− 2, Z ′ boson production at the LHC, and dark
matter physics. Finally we give summary and discussion.
II. MODEL SETUP
In this section, we introduce our model and formulate mass spectrum and interactions.
This model has extra U(1)X gauge symmetry and exotic charged leptons ER(L) with U(1)X
charge −1(0) are introduced to cancel gauge anomalies. In scalar sector, we introduce two
Higgs doublets H1 and H2 whose U(1)X charges are 0 and 1 respectively, and complex SM
singlet scalars φ, χ and χ′ with U(1)X charge −1, 1 and 0. We also impose Z2 parity where
EL(R), χ and χ
′ are odd and the other fields are even, and neutral scalar χ and χ′ can be our
DM candidate. Here we consider two DM candidates χ and χ′ where the former has gauge
interaction associated with U(1)X and the other is gauge singlet. The full charge assignment
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of fields are summarized in Table I. Scalar fields in our model are written as
Hi =
 φ+i
1√
2
(vi + hi + iai)
 , φ = 1√
2
(η + φR + iφI), χ(χ
′) =
1√
2
(χR(χ
′
R) + iχI(χ
′
I)) ,
(2)
where i = 1, 2, and vi and η are VEVs of corresponding fields. We require χ(χ
′) not to
develop VEV so that Z2 symmetry is not broken.
Here we show that our fermion contents satisfy the gauge and gravity anomaly free
condition as follows
U(1)X × [SU(3)c]2 : QdRX +QdRX = 1− 1 = 0,
U(1)X × [U(1)Y ]2 : 3
(
2
3
)2
QuRX + 3
(−1
3
)2
QdRX + (−1)2QERX =
4
3
− 1
3
− 1 = 0,
[U(1)X ]
2 × U(1)Y : 3
(
2
3
)
(QuRX )
2 + 3
(−1
3
)
(QdRX )
2 + (−1)(QERX )2 = 2− 1− 1 = 0,
[U(1)X ]
3 : 3(QuRX )
3 + 3(QdRX )
3 + (QERX )
3 + (QNRX )
3 = 3− 3− 1 + 1 = 0,
U(1)′ × [grav]2 : 3(QuRX ) + 3(QdRX ) + (QERX ) + (QNRX ) = 3− 3− 1 + 1 = 0, (3)
where QfSMX is the U(1)X charge of the SM fermion fSM , and the condition associated
with SU(2)L is the same as the SM since SU(2)L doublet fermions do not have U(1)X
charge. This structure of anomaly cancellation is similar to right-handed fermion specific
U(1) case [1, 44, 45] where the extra charged lepton play a role of right-handed charged
lepton in our case.
A. Scalar sector
Here we discuss scalar sector in the model formulating mass spectrum and corresponding
mass eigenstates. The scalar potential is given by
V =m21H
†
1H1 +m
2
2H
†
2H2 +m
2
φφ
∗φ+M2χχ
∗χ+M2χ′χ
′∗χ′ − µ(H†1H2φ+ h.c.) + λ1(H†1H1)2
+ λ2(H
†
2H2)
2 + λ3(H
†
1H1)(H
†
2H2) + λ4(H
†
1H2)(H
†
2H1) + λφ(φ
∗φ)2 + λφH1(H
†
1H1)(φ
∗φ)
+ λφH2(H
†
2H2)(φ
†φ) + λχφ(χ
∗χ)(φ∗φ) + λχH1(χ
∗χ)(H†1H1) + λχH2(χ
∗χ)(H†2H2)
+ λχ′φ(χ
′∗χ′)(φ∗φ) + λχ′H1(χ
′∗χ′)(H†1H1) + λχ′H2(χ
′∗χ′)(H†2H2)
+ λχ(χ
∗χ)2 + λχ′(χ′∗χ′)2 + µχ(χχ′φ+ h.c.), (4)
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where we take the couplings to be real for simplicity. In addition we require invariance under
phase transformation χ → eiθχχ and χ′ → eiθχ′χ′ to simplify the scalar potential, which is
softly broken by the last term of the potential. The VEVs can be obtained by solving the
condition ∂V/∂v1 = ∂V/∂v2 = ∂V/∂η = 0. From the condition, we require the VEVs and
parameters to satisfy
m21v1 + v
3
1λ1 +
1
2
v1v
2
2λ3 +
1
2
v1v
2
2λ4 +
1
2
v1η
2λφH1 +
1√
2
v2ηµ = 0
m22v2 + v
3
2λ2 +
1
2
v21v2λ3 +
1
2
v21v2λ4 +
1
2
v2η
2λφH2 +
1√
2
v1ηµ = 0
m2φη + η
3λφ +
1
2
v21ηλφH1 +
1
2
v22ηλφH2 +
1√
2
v1v2µ = 0. (5)
Also to obtain vanishing VEV of χ(χ′), we require M2χ(χ′) and couplings associated with
χ(χ′) to be positive.
After spontaneous symmetry breaking, we obtain mass matrix for charged scalar such
that
L ⊃
φ−1
φ−2
T ( ηµ√
2v1v2
− λ4
2
) v22 −v1v2
−v1v2 v22
φ+1
φ+2
 . (6)
The mass matrix can be diagonalized as in the THDM and mass eigenstates are G±
H±
 =
 cos β − sin β
sin β cos β
 φ±1
φ±2
 , (7)
where tan β = v2/v1, G
± is Nambu-Goldstone(NG) boson absorbed by W± and H± is
physical charged Higgs boson. The mass of charged Higgs boson is given by
m2H± =
µη√
2 sin β cos β
− λ4
2
v2, (8)
where v =
√
v21 + v
2
2.
The mass matrix for Z2 even and CP odd scalar bosons is obtained as
L ⊃ 1
2

a1
a2
φI

T 
ηµv2√
2v1
− ηµ√
2
−µv2√
2
− ηµ√
2
ηµv1√
2v2
µv1√
2
−µv2√
2
µv1√
2
µv1v2√
2η


a1
a2
φI
 . (9)
We can diagonalize the mass matrix by rotating the basis as follows:
a1
a2
φI
 =

v1√
v21+v2
2
− ηv2√
η2v21+v1
2v22+η
2v22
v1√
η2+v21
v2√
v21+v
2
2
ηv1√
η2v21+v
2
1v
2
2+η
2v22
0
0 v1v2√
η2v21+v
2
1v
2
2+η
2v22
η√
η2+v21


G01
A0
G02
 , (10)
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where G01 and G
0
2 are massless NG bosons and these degrees of freedom are absorbed by Z
and Z ′ bosons. The physical CP-odd scalar boson A0 has non-zero mass of
m2A0 =
µ(η2 + cβsβv
2)√
2cβsβη
. (11)
We thus find that A0 becomes massless in the limit of µ→ 0.
The Z2 even and CP-even scalar sector has three physical degrees of freedom {h1, h2, φR}
and the mass matrix is given by
L ⊃ 1
2

h1
h2
φR

T 
2λ1v
2
1 +
ηµv2√
2v1
λ3v1v2 + λ4v1v2 − ηµ√2 ηλφH1v1 − µv2√2
λ3v1v2 + λ4v1v2 − ηµ√2 2λ2v22 + ηµv1√2v2 ηλφH2v2 −
µv1√
2
ηλφH1v1 − µv2√2 ηλφH2v2 − µv1√2 2η2λφ + µv1v2√2η


h1
h2
φR
 .
(12)
This mass matrix can be diagonalized by an orthogonal matrix R with three Euler param-
eters {α1, α2, α3} which is written as
R(α1, α2, α3) =

cα1cα2 −sα1cα2 sα2
−cα1sα2sα3 + sα1cα3 cα1cα3 + sα1sα2sα3 cα2sα3
−cα1sα2cα3 − sα1sα3 −cα1sα3 + sα1sα2cα3 cα2cα3
 (13)
and mass eigenstates are obtained such that
h1
h2
φR
 = Rij

H0
h0
ξ0

j
. (14)
We write parameters in scalar potential {m1,m2, µ, λ1, λ2, λ3, λ4, λφ, λφH1 , λφH2} by phys-
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ical masses and VEVs such that
µ =
√
2m2A0η
(v2 sin β cos β + η2 cot β + η2 tan β)
(15)
λ4 =
2
v2
(
ηµ√
2 sin β cos β
−mH2±
)
(16)
λ1 =
2m2H0R
2
11v1 + 2m
2
h0R
2
12v1 + 2m
2
ξ0R
2
13v1 −
√
2ηµv2
4v31
(17)
λ2 =
2m2H0R
2
21v2 + 2m
2
h0R
2
22v2 + 2m
2
ξ0R
2
23v2 −
√
2ηµv1
4v32
(18)
λ3 =
2m2H0R11R21 + 2m
2
h0
R12R22 + 2m
2
ξ0R13R23 − 2v1v2λ4 +
√
2ηµ
2v1v2
(19)
λφ =
2m2H0R
2
31η + 2m
2
h0R
2
32η + 2m
2
ξ0R
2
33η −
√
2v1v2µ
4η3
(20)
λφH1 =
2m2H0R11R31 + 2m
2
h0R12R32 + 2m
2
ξ0R13R33 +
√
2v2µ
2v1η
(21)
λφH2 =
2m2H0R21R31 + 2m
2
h0R22R32 + 2m
2
ξ0R23R33 +
√
2v1µ
2v2η
. (22)
Here we formulate masses of Z2 odd scalar fields χR(I)[χ
′
R(I)]. For simplicity we assume
µχη M2χ and ignore χ-χ′ mixing. Then masse eigenvalues of them are given by
m2χR ' m2χI 'M2χ +
v2
2
(λχH1 cos
2 β + λχH2 sin
2 β) +
1
2
λχφη
2, (23)
m2χ′R ' m
2
χ′I
'M2χ′ +
v2
2
(λχ′H1 cos
2 β + λχ′H2 sin
2 β) +
1
2
λχ′φη
2, (24)
where the real and imaginary part of χ(χ′) have the same mass, and we write them as mχ
and mχ′ . Here the mass degeneracy of real and imaginary part is due to the requirement of
invariance under phase transformation and smallness of µχ parameter in the scalar potential
as we assumed above. Thus our DM is identified as complex scalar bosons.
B. Yukawa interactions
The Yukawa interactions in our model are controlled by U(1)X gauge symmetry, and one
obtains lepton specific (type-X) structure for two Higgs doublet scalars and terms associated
with exotic charged leptons:
−LY =yuQLH˜2uR + ydQLH2dR + yeLLH1eR + yνLLH˜2NR
+ yEφ∗ELER + Y χ
′
χ′ELeR + h.c. , (25)
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Φ H0 h0 ξ0 A0
yuΦ
R21
sinβ
R22
sinβ
R23
sinβ − O22sinβ
ydΦ
R21
sinβ
R22
sinβ
R23
sinβ
O22
sinβ
yeΦ
R11
cosβ
R12
cosβ
R13
cosβ
O12
cosβ
yνΦ
R11
cosβ
R12
cosβ
R13
cosβ − O12cosβ
yEΦ
R31v
η
R32v
η
R33v
η
O32v
η
TABLE II: The mixing factors associated with Yukawa interactions in Eq. (27).
where we omit flavor indices. We can derive the SM fermion masses the same as the THDM.
In addition the masses of exotic leptons E is given by
mEa =
yEa η√
2
. (26)
Then rewriting scalar fields by mass eigenstates the Yukawa interactions become
LY =−
∑
f=u,d,e,E
(mf
v
yfh0 f¯fh
0 +
mf
v
yfH0 f¯fH
0 + i
mf
v
yfA0 f¯γ5fA
0
)
+
[√
2Vud
v
u¯(mu cot βPL −md cot βPR)dH+ −
√
2m`
v
tan βν¯LeRH
+ + h.c.
]
, (27)
where Vud indicates an element of CKM matrix. The coefficients associated with neutral
scalar bosons, yfΦ, are summarized in Table. II while interactions associated with charged
Higgs are the same as the type-X THDM. In our model neutrino mass is generated as Dirac
type and mass matrix is simply given by mν = y
νv2/
√
2 from Yukawa interaction Eq. (25).
Note that neutrino νL in Eq. (27) corresponds to flavor eigenstate.
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C. Gauge sector
Here we formulate mass eigenvalues and corresponding eigenstates in our gauge sector 3.
After symmetry breaking gauge bosons obtain masses from kinetic term of scalar fields
LK = (DµH1)†(DµH1) + (DµH2)†(DµH2) + (Dµφ)†(Dµφ), (28)
DµH1 = (∂µ + ig
τa
2
W aµ +
1
2
ig′Bµ)H1, (29)
DµH2 = (∂µ + ig
τa
2
W aµ +
1
2
ig′Bµ + ig′′B′µ)H2, (30)
Dµφ = (∂µ − ig′′B′µ)φ, (31)
where g, g′ and g′′ are gauge couplings associated with SU(2)L, U(1)Y and U(1)X . The
mass of W boson is given by mW = gv/2 with mass eigenstate W
±
µ = (W
1
µ ∓ iW 2µ) as in the
SM. On the other hand mass matrix for neutral gauge bosons becomes 3× 3 such that
Lmassgauge =
1
8

W 3µ
Bµ
B′µ

T 
g2(v21 + v
2
2) −gg′(v21 + v22) −2gg′′v22
−gg′(v21 + v22) g′2(v21 + v22) +2g′g′′v22
−2gg′′v22 +2g′g′′v22 4g′′2v22 + 4g′′2η2


W 3µ
Bµ
B′µ
 . (32)
Rotating (W 3µ , Bµ)
T by Weinberg angle θW , we identify massless photon field Aµ asW 3µ
Bµ
 =
 cW sW
−sW cW
 Z˜µ
Aµ
 , (33)
where cW (sW ) = cos θW (sin θW ) whose definition is the same as in the SM. Then we obtain
2× 2 mass matrix in the basis of (Z˜µ, B′µ) such that
Lmassgauge =
1
2
 Z˜
B′
T M2Z,SM −∆2
−∆2 MZ′
 Z˜
B′
 (34)
where the elements are given by
M2Z,SM =
1
4
(g2 + g′2)v2, M2Z′ = g
′′2(v21 + η
2), ∆2 =
2g′′√
g2 + g′2
M2Z,SM sin
2 β. (35)
3 In our analysis we ignore kinetic mixing between U(1)Y and U(1)X gauge fields assuming its effect is
negligibly small.
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The mass eigenvalues are
m2Z =
1
2
(
M2Z,SM +M
2
Z′ −
√
(M2Z,SM −M2Z′)2 + 4∆4
)
, (36)
m2Z′ =
1
2
(
M2Z,SM +M
2
Z′ +
√
(M2Z,SM −M2Z′)2 + 4∆4
)
, (37)
and the mass eigenstates are obtained such that Z
Z ′
 =
 cos θZZ′ sin θZZ′
− sin θZZ′ cos θZZ′
 Z˜
B′
 (38)
tan 2θZZ′ =
2∆2
M2Z′ −M2Z,SM
. (39)
The mixing between Z and Z ′ is sufficiently small in our parameter region of interest and
we ignore the effect of the mixing in the following analysis.
The gauge interactions among Z ′ and fermions are given by
L ⊃ g′′Z ′µ(u¯RγµuR − d¯RγµdR − E¯RγµER + N¯RγµNR). (40)
We also obtain Z ′-scalar-scalar gauge interactions such that
L ⊃ ig′′c2βZ ′µ(φ−2 ∂µφ+2 − φ+2 ∂µφ−2 ) + g′′
ηvcβR21 − v2cβsβR31√
η2v2 + v4s2βc
2
β
Z ′µ(A
0∂µH0 −H0∂µA0)
+ g′′
ηvcβR22 − v2cβsβR32√
η2v2 + v4s2βc
2
β
Z ′µ(A
0∂µh0 − h0∂µA0)
+ g′′
ηvcβR23 − v2cβsβR33√
η2v2 + v4s2βc
2
β
Z ′µ(A
0∂µξ0 − ξ0∂µA0), (41)
where cβ(sβ) = cos β(sin β). In addition the h
0V V and H0V V interactions are given by
L ⊃1
2
m2Z
v
(cβR12 + sβR22)h
0ZµZ
µ +
m2W
v
(cβR12 + sβR22)h
0W+µ W
−µ
+
1
2
m2Z
v
(cβR11 + sβR21)H
0ZµZ
µ +
m2W
v
(cβR11 + sβR21)H
0W+µ W
−µ. (42)
Note that we reproduce THDM interaction in the limit of α1 → α, α2 → 0 and α3 → 0 as
cβR12 + sβR22 → sin(β − α) and cβR11 + sβR21 → cos(β − α).
III. CONSTRAINTS AND PHENOMENOLOGY
In this section, we discuss experimental constraints and phenomenologies in the model.
We first investigate constraints from Higgs sector such as stability and perturbativity bound
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in the potential, in order to search for allowed parameter region. Then muon anomalous
magnetic moment is estimated applying the allowed parameter sets. We also explore collider
phenomenology and dark matter physics.
A. Constraints from Higgs sector
Here we discuss constraints on our parameters such as neutral scalar mixing {α1, α2, α3},
scalar boson masses and tan β taking into account unitarity, stability and perturbativity
bounds for the Higgs sector as well as the experimental measurements of SM Higgs coupling
strength. The constraints from unitary and perturbativity are given by [46]
|λ1,2,3,φ| ≤ 4pi, |λφH1,2| ≤ 8pi, |λ3 ± λ4| ≤ 8pi, |λ3 + 2λ4| ≤ 8pi,√
|λ3(λ3 + 2λ4)| ≤ 8pi,
∣∣∣∣λ1 + λ2 ±√(λ1 − λ2)2 + λ24∣∣∣∣ ≤ 8pi, a1,2,3 ≤ 8pi, (43)
where a1,2,3 are the solution of the following equation
x3 − 2x2(3λ1 + 3λ2 + 2λφ)
− x(2λ2φH1 + 2λ2φH2 − 36λ1λ2 − 24λ1λφ − 24λ1λφ + 4λ23 + 4λ3λ4 + λ24)
+ 4(3λ2φH1λ2 − λφH1λφH2(2λ3 + λ4) + 3λ2φH2λ1 + λφ((2λ3 + λ4)2 − 36λ1λ2)) = 0. (44)
We also obtain constraints from stability condition for scalar potential such that [47–49]
λ1,2,φ > 0, 2
√
λ1λ2 + λ3 + λ4 > 0,
2
√
λ1λ2 + λ3 > 0, 2
√
λ1λφ + λφH1 > 0, 2
√
λ2λφ + λφH2 > 0,√
(λ2φH1 − 4λ1λφ)(λ2φH2 − 4λ2λφ) + 2λ3λφ > λφH1λφH2 ,√
(λ2φH1 − 4λ1λφ)(λ2φH2 − 4λ2λφ) + 2(λ3 + λ4)λφ > λφH1λφH2 . (45)
Note that we do not consider couplings associated with χ since it does not develop VEV
and we just assume that these couplings are positive values and not too large satisfying
perturbativity and unitarity condition. Furthermore we impose constraint from the SM
Higgs coupling measurements as follows
1.22 > κV > 0.87, 1.26 > κt > 0.81, 1.45 > κb > 0.55, 1.36 > κτ > 0.70, (46)
κV = cβR12 + sβR22, κt = κb =
R22
sβ
, κτ =
R12
cβ
, (47)
11
FIG. 1: The allowed parameter regions where we take mA0 as a scanning parameter in left side
plots and mA0 = 40 GeV is chosen in right side plots. The color gradient corresponds to the values
of the parameter indicated by a top label.
where we have applied 2σ region of observed values in refs. [50, 51].
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Here we scan out parameters to search for allowed parameter region, such that
α1,2,3 ∈
[
−pi
2
,
pi
2
]
, mH0 = mH± ∈ [200, 500] [GeV], mA0,ξ0 ∈ [40, 500] [GeV],
tan β ∈ [1, 50], η ∈ [100, 10000] [GeV], (48)
where we can take range of mixing angle in [pi/2, pi/2] without loss of generality. The allowed
parameter regions are shown in Fig. 1 where we take mA0 as a scanning parameter in left
side plots and mA0 = 40 GeV is chosen in right side plots. We find that relations among
mixing angle α1 < 0 and α2 = −α3 are required to satisfy the constraints. Furthermore
correlations of parameters |α2| ∼ pi/2 and mA0 ∼ mξ0 are preferred to obtain large tan β.
On the other hand value of η is not strongly constrained and does not correlate with the
other parameters. We can thus take η as almost free parameter.
B. Muon g − 2
Here we estimate muon g − 2 in our model. In our model various scalar bosons can
contribute to muon g − 2 at one- and two-loop level. One loop contributions to muon g − 2
are given by [42]
∆a1loop(Φ)µ =
GFm
2
µ
4pi2
√
2
∑
φ
(yeΦ)
2rφµF
φ
1 (r
φ
µ), (49)
where φ = {h,H0, ξ0, A0, H±}, rφµ = m2µ/m2φ, and loop integration factors are
F h,H
0,ξ0
1 (r) =
∫ 1
0
dx
x2(2− x)
1− x+ rx2 ,
FA1 (r) =
∫ 1
0
dx
−x3
1− x+ rx2 , F
H±
1 (r) =
∫ 1
0
dx
−x(1− x)
1− (1− x)r . (50)
In addition, we have a contribution to muon g − 2 from one loop diagram in which χ′ and
E propagate inside loop. This contribution is estimated as
∆a1loop(χ)µ =
∑
i=1−3
(Y χ
′
)T2iY
χ′
i2
64pi2
m2µ
M2Ei
Fχ′(rEi), (51)
Fχ′(rEi) =
∫ 1
0
dx
x2(1− x)
rµEix
2 + (1− rµEi)x+ rχ
′
Ei
(1− x) , (52)
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where rµEi = m
2
µ/M
2
Ei
and rχ
′
Ei
= m2χ′/M
2
Ei
. The two-loop Barr-Zee type diagrams can provide
sizable contributions to muon g − 2 and the formula is written by [42, 52]
∆aBZµ =
GFm
2
µ
4pi2
√
2
αem
pi
∑
Φ
∑
f
N cfQ
2
fy
µ
Φy
f
Φr
Φ
f F
Φ
2 (r
Φ
f ), (53)
where Φ = {h,H0, ξ0}, rΦf = m2f/m2Φ, mf is fermion mass, Qf is electric charge of fermion,
and N cf is color degrees of freedom for fermion f . We obtain the loop functions such that
F h,H
0
2 (r) =
∫ 1
0
dx
2x(1− x)− 1
x(1− x)− r ln
x(1− x)
r
, FA
0
2 (r) =
∫ 1
0
dx
1
x(1− x)− r ln
x(1− x)
r
.
(54)
Note that there are other two-loop diagrams contributing to muon g − 2 in which charged
scalar or W boson propagate inside loop. However they are subdominant in our case and
we omit to write the formulas of these contributions here.
Firstly we estimate contributions to muon g − 2 from loop diagrams associated with
φ = {h0, H0, ξ0, A0} applying allowed parameter region satisfying constraints discussed in
previous subsection. In Fig. 2, we show the value of ∆aµ as functions of several parameters
where each point correspond to one allowed parameter set and blue(red) colored points
indicate positive(negative) contribution. We find that ∆aµ tends to be negative for large
tan β region and the positive contribution is less than ∆aµ . 5 × 10−11. This behavior
is due to the negative contribution from two loop diagram associated with ξ0. Note that
mA0 ' mξ0 is required for large tan β and positive contribution from Barr-Zee diagram
with A0 is canceled by that of ξ0 one. We thus need to rely on contribution from one-loop
diagram associated with χ′ and E to get positive contribution for explaining ∆aµ [53, 54].
In Fig. 3, we show ∆aµ from χ
′-E loop contribution as a function of Yukawa coupling Y χ
′
where we assumed three generations of E have the same mass and all Y χ
′
i2 has the same
value. We also assume Y χi1(3) = 0 to avoid constraints from lepton flavor violation processes.
Thus ∆aµ & 10−9 can be realized with sizable Yukawa coupling Y χ
′
when the masses of χ′
and E are around electroweak scale.
C. Collider physics
In this subsection, we discuss collider physics mainly focusing of Z ′ boson production
at the LHC. Our Z ′ boson can be produced by q¯q → Z ′ process since right-handed quarks
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FIG. 2: φ loop contributions to ∆aµ estimated from allowed parameter space obtained in Sec. III A.
have U(1)X charge. We estimate the cross section using MADGRAPH/MADEVENT 5 [55], where
the Feynman rules and relevant parameters in the model are implemented with FeynRules
2.0 [56] and the NNPDF23LO1 PDF [57] is adopted. In the model Z ′ can decay into SM
quarks, scalar bosons and exotic charged lepton E where branching ratio(BR) for Z ′ → qq¯
is relatively larger than the other mode due to color degrees of freedom. Then the most
stringent constraint comes from the LHC analysis searching for tt¯ resonance when Z ′ → tt¯
mode is kinematically allowed. When mZ′ < 2mt our Z
′ decays into jets and the collider
constraint is looser due to large SM background cross section. We can search such a Z ′
15
mΧ' = 50 GeV
mΧ' = 100 GeV
mΧ' = 150 GeV
mΧ' = 200 GeV
mE = 200 GeV
0.5 1.0 1.5 2.0 2.5
1
2
5
10
20
50
Y
Χ'
D
a
Μ

1
0
1
0
mΧ' = 50 GeV
mΧ' = 100 GeV
mΧ' = 150 GeV
mΧ' = 200 GeV
mE = 300 GeV
0.5 1.0 1.5 2.0 2.5
1
2
5
10
20
50
Y
Χ'
D
a
Μ

1
0
1
0
FIG. 3: χ′-E loop contributions to ∆aµ as a function of Yukawa coupling Y χ
′
where the masses of
χ′ and E are indicated in the plots.
boson by analyzing pp → γZ ′(→ jj/bb¯) process with smaller number of SM backgrounds
events. [59, 60]
In the left(right) plot of Fig. 4 we show σ(pp → Z ′)BR(Z ′ → tt¯) as a function of g′′(η)
for mZ′ = {500, 1000, 1500}GeV. The estimated values of σ(pp → Z ′)BR(Z ′ → tt¯) are
compared with the upper bound from the analysis of LHC data [58] to search for allowed
parameter region. We then obtain allowed parameter space on (MZ′ , η) plane where we also
scanned tan β whose values are indicated by color gradient. It is found that large η region is
allowed since U(1)X gauge coupling is small due to the relation g
′′ ' MZ′/η. Furthermore
tan β dependence is small since Z-Z ′ mixing is always very small in the parameter region.
In addition we estimate forward backward asymmetry (AFB) for tt¯ final state from Z ′ decay
which is defined by
∆AFB =
N(∆|y| > 0)−N(∆|y| < 0)
N(∆|y| > 0) +N(∆|y| < 0) (55)
whereN(∆|y| > (<)0) indicates number of events with corresponding sign of ∆|y| = |yt|−|yt¯|
for rapidities of top and anti-top quarks yt and yt¯. We find that ∆AFB ∼ 0.3−0.4 is obtained
in our model depending slightly on Z ′ mass and it does not depend on the other parameters
in the model.
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FIG. 4: Left: Z ′ The products of production cross section and BR(Z ′ → tt¯) as a function of g′′
for mZ′ = 500, 1000 and 1500 GeV. Right: σBR(Z
′ → tt¯) as a function of η for the same values of
mZ′ .
D. Dark matter physics
Here we analyze DM physics such as relic density and constraint from direct/indirect
detection experiments. In our model, DM candidates are Z2 odd scalar bosons χ(χ
′) and its
interactions relevant to annihilation processes are given by
L ⊃ − ig′′Z ′µ(χ∗∂µχ− ∂µχ∗χ) + g′′2Z ′µZ ′µχ∗χ
− (Y χ′χ′E¯LeR + h.c.)− µχ√
2
[χχ′(φR + iφI) + h.c.]
+ (λχH1v cos βh1 + λχH2v sin βh2 + λχφηφR)χ
∗χ
+ (λχ′H1v cos βh1 + λχ′H2v sin βh2 + λχ′φηφR)χ
′∗χ′
+
1
2
λχH1(h
2
1 + a
2
1 + φ
+
1 φ
−
1 )χ
∗χ+
1
2
λχH2(h
2
2 + a
2
2 + φ
+
2 φ
−
2 )χ
∗χ+
1
2
λχφ(φ
2
R + φ
2
I)χ
∗χ
+
1
2
λχ′H1(h
2
1 + a
2
1 + φ
+
1 φ
−
1 )χ
′∗χ′ +
1
2
λχ′H2(h
2
2 + a
2
2 + φ
+
2 φ
−
2 )χ
′∗χ′ +
1
2
λχ′φ(φ
2
R + φ
2
I)χ
′∗χ′,
(56)
where we ignored Z-Z ′ mixing effect since it is negligibly small, and mass eigenstates for
scalar fields are obtained applying Eqs. (7), (10) and (14). The scalar bosons and Z ′ decay
into SM particles via interactions given in Secs. II A and II C. Note that χ(χ′) decays into
χ′φ(∗)R,I(χφ
(∗)
R,I) state for mχ(χ′) > mχ′(χ) via the interaction with coupling µχ so that only
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FIG. 5: The parameter region allowed by the constraint from data of tt¯ search at the LHC where
color gradient indicates the value of tanβ.
the lighter state among χ and χ′ is the DM. Then we estimate relic density of our DM
for each scenario given below applying micrOMEGAs 4.3.5 [61] by implementing relevant
interactions.
In general we have many DM annihilation processes which are described by different
parameters in Eq. (56). Thus, in our analysis, we consider several scenarios focusing on
some specific processes as follows:
(1) mχ < mχ′ and {λχφ(χ′φ), λχH1(χ′H1), λχH2(χ′H2), Y χ′}  1 so that χχ → Z ′ → ff¯ and/or
χχ→ Z ′Z ′ are dominant annihilation mode.
(2) mχ < mχ′ and {λχφ, λχH1 , λχH2} are sizable but {λχ′φ, λχ′H1 , λχ′H2 , Y χ′}  1 where
scalar portal processes are dominant.
(3) mχ > mχ′ and {λχφ(χ′φ), λχH1(χ′H1), λχH2(χ′H2)}  1 but Y χ′ is sizable where we consider
χ′χ′ → `+`− process via Yukawa interaction.
Note that in scenario (2) we will get the same behavior if we exchange role of χ and χ′ so
that we only consider the case in which χ is DM. Under these scenarios, we estimate the
18
200 400 600 800 1000
m [GeV]
250
500
750
1000
1250
1500
1750
2000
m
Z
′ [G
eV
]
g′′
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
FIG. 6: Parameter region accommodating with relic density of DM in scenario (1)
relic density of DM.
In addition to the relic density, we need to take into account constraints from DM direct
detection experiments. In our model DM can interact with nucleon through scalar and Z ′
exchange when DM is χ. Then we can estimate the DM-nucleon scattering cross section, in
non-relativistic limit, such that
σN−χ '
µ2Nχm
2
Nf
2
N
pis2βm
2
χv
2
(
R22Ch0χχ
m2h
+
R21CH0χχ
m2H0
+
R23Cξ0χχ
m2ξ0
)2
+
g′′4
pi
µ2Nχ
m4Z′
, (57)
where mN is nucleon mass, µNχ = mNmχ/(mN + mχ) and fN is effective Nucleon-Higgs
coupling [62, 63]. The couplings C[H0,h0,ξ0]χχ are obtained from terms in second line of
Eq. (56) such that
C[H0,h0,ξ0]χχ = λχH1v cos βR1[1,2,3] + λχH2v sin βR2[1,2,3] + λχφηR3[1,2,3]. (58)
In our numerical analysis below, we adopt micrOMEGAs 4.3.5 in estimating σN−χ and the
experimental constraints are imposed [64]. When DM is χ′ only scalar mediating interaction
contribute to DM-nucleon scattering where we can obtain the contribution by exchanging χ
to χ′ for couplings in Eq. (58).
We perform parameter scan for each scenarios to search for parameter region realizing
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observed relic density of DM. Firstly we set following parameter ranges for all scenarios:
mχ(χ′) ∈ [100, 1000] [GeV], mH0 = mH± ∈ [200, 500] [GeV],
mA0,ξ0 ∈ [40, 500] [GeV], MEi ∈ [mχ, 1200] [GeV]
tan β ∈ [1, 50], α1 ∈
[
−pi
2
, 0
]
, α2 ∈
[
−pi
2
,
pi
2
]
, α3 ∈ −sign(α2)×
[
0,
pi
2
]
, (59)
where the range of αi is chosen as indicated by the constraints from scalar sector discussed
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above. The other parameters are set for scenario (1) as
MZ′ ∈ [150, 2000] [GeV], η ∈ [4500, 10000] [GeV],
λχφ(χ′φ) = λχH1(χ′H1) = λχH2(χ′H2) = 10
−5, Y χ
′
ij = 10
−5. (60)
For scenario (2), we chose
MZ′ = 2500 [GeV], η = 10000 [GeV],
{λχφ, λχH1 , λχH2} ∈ [0.001, 0.1], λχ′φ = λχ′H1 = λχ′H2 = 10−5, Y χ
′
ij = 10
−5. (61)
For scenario (3), we chose
MZ′ = 2500 [GeV], η = 10000 [GeV],
λχφ(χ′φ) = λχH1(χ′H1) = λχH2(χ′H2) = 10
−5, Y χ
′
i2 ∈ [0.01,
√
4pi], Y χ
′
ij = 10
−5 for j 6= 2.
(62)
Note that we assume χ and χ′ masses are not degenerated, and co-annihilation processes
are not taken into account in relic density calculation.
In Fig. 6, we show allowed parameter region giving relic density, 0.11 < Ωh2 < 0.13,
in scenario (1) where horizontal(vertical) axis corresponds to Mχ(MZ′) and color gradient
indicate the value of g′′. It is found that the observed relic density can be obtained around
MZ′ ∼ 2Mχ since the annihilation cross section is enhanced by resonant effect. We also
show allowed parameter region for scenario (2) in Fig. 7 where horizontal(vertical) axis in-
dicates Mχ(MH0) and color gradient shows Mξ0 . In this case we obtain allowed region for
Mχ < MH0(or Mξ0) since the relic density is explained by the process χχ → H0H0(ξ0ξ0).
In addition, the allowed parameter region for scenario (3) is shown in Fig. 8 where horizon-
tal(vertical) axis indicates Y χ
′
12 (Y
χ′
22 ) and color gradient shows Y
χ′
32 . We find that required
values of Yukawa couplings Y χ
′
i2 are O(1) scale which is also required to obtain sizable ∆aµ.
Finally we comment on possibility of indirect detection of our DM. For each scenario
above, DM pair annihilates mainly as follows: in scenario (1) χχ¯ → Z ′ → fSM f¯SM or
χχ¯ → Z ′Z ′ → 2fSM f¯SM ; in scenario (2) χχ¯ → φ0 → fSM f¯SM or χχ¯ → φφ → 2fSM f¯SM
where φ0 and φ indicate neutral scalar and any scalar bosons; in scenario (3) χ′χ′ → `+`−
where ` is the SM lepton. Then gamma-ray search gives the strongest constraint on the
annihilation cross section by Fermi-LAT observation [65, 66]. For scenario (3), current DM
annihilation is small since the cross section is suppressed by DM velocity since it is P-wave
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FIG. 10: DM annihilation cross section at the current universe in scenario (2).
dominant process. We thus estimate DM annihilation cross section in current universe for
scenario (1) and (2) using micrOMEGAs 4.3.5. In Fig. 9 and 10, we respectively show the
DM annihilation cross section in the current universe for scenario (1) and (2). We find that
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the cross section in scenario (1) is smaller than that in scenario (2) since DM-DM-Z ′ coupling
include derivative and the cross section is suppressed by momentum factor. Therefore the
scenario (2) is the most sensitive case for indirect detection where the shown parameter
region is still allowed by the current measurements [65, 66], and it can be tested by in future
data.
IV. SUMMARY AND CONCLUSIONS
We have constructed a two Higgs doublet model with extra U(1)X gauge symmetry in
which lepton specific (type-X) structure is realized by charge assignment of Higgs doublets,
quarks and leptons. In addition exotic charged leptons E are also introduced to cancel
gauge anomalies. We have also introduced discrete Z2 symmetry under which exotic charged
leptons have odd parity, in order to restrict exotic charged lepton interactions. Furthermore
the SM singlet scalars χ and χ′ with Z2 odd parity are added as our dark matter candidate
where χ is charged under U(1)X while χ
′ is not charged.
We analyzed scalar sector formulating mass eigenstates and relation among parameters in
the scalar potential. Then allowed parameter regain is explored by investigating constraints
from scalar sector such as stability and peturbativity bound in the potential. We have also
estimated muon g − 2 applying the allowed parameter sets. It has been found that the
contributions from loop diagrams with Z2 even scalar bosons can not be sizable to explain
muon g − 2 discrepancy. To explain muon g − 2 we should rely on contribution from loop
diagrams with Z2 odd particle and it can give sufficiently large muon g − 2 with sizable
Yukawa coupling associated with exotic leptons and dark matter.
The collider physics has been also discussed focusing on Z ′ boson production at the
LHC. Our Z ′ boson has leptophobic interactions and pp → Z ′ → tt¯ process provides the
strongest constraint if Z ′ mass is heavier than 2mt. We have estimated the Z ′ production
cross section and discussed its constraints. In addition we have discussed tt¯ asymmetry for
the pp→ Z ′ → tt¯ process.
Finally we have analyze dark matter physics such as relic density and constraint from
direct/indirect detection experiments. In our analysis, we have considered several scenarios:
(1) DM is χ and Z ′ interaction is dominant, (2) DM is χ (or χ′) and scalar portal interaction
is dominant, (3) DM is χ′ and Yukawa interaction with exotic leptons is dominant. Then
23
allowed parameter region for each case have been searched for taking into account observed
relic density and direct detection constraints. We then find all the cases can realize the
observed relic density by choosing parameters relevantly. In addition we have discussed
possibility of indirect detection estimating DM annihilation cross section at the current
universe. It has been shown that scenario (2) is the most sensitive to indirect detection and
will be tested in future measurements.
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